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LIGHTNING DATA ANALYSIS

SECTION I. INTRODUCTION

This Final Report on Contract F33615-81-C-3410 is divided in-

to three parts: Part 1 (SECTION II) discusses our analyses of cor-

related airborne and ground-based electromagnetic data obtained

during the AFWAL/FIESL lightning characterization program in South

f1orida; Part 2 (SECTION III) is concerned with the calculations

of lightning return-stroke electric and magnetic fields at flight

altitudes; and Part 3 (SECTION IV) includes the specification of

a lightning test standard and a discussion of the validity of

deriving lightning currents from electric and magnetic fields

measured remote from the lightning. This part also discusses some

calculations of electric field frequency spectra and a comparison

*I of liqhtninq and an NEMP produced by an exoatmospheric burst.

SECTION II. CORRELATED AIRBORNE AND GROUND-BASED LIGHTNING ELECT!'-

MAGNETIC DATA

During 1979, 1980, and 1981 the AFWAL/FIESL directed a program

designed to characterize airborne lightning electric and magnetic

fields (see "Airborne Lightning Characterizationi", AFWAL-TR-83-3013,

January 1983, by P. L. Rustan, B. P. Kuhlman, A. Serrano, J. Reaser,

and M. Risley). A WC-130 aircraft, instrumented for electric anl

magnetic field measurements, was flown in South Florida in the

vicinity of a network of ground-based stations that provided wide-

band electric fields at ground level and data that could be used to

determine the location of lightning VHF sources. A thorough analysis

1
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of the voluminous data obtained will take many years. We, in

conjunction with ARWAL personnel, have completed a survey analysis

of ten lightning events from the South Florida study and a detailed

analysis of one event that occurred at 17:09:40 EDT on July 16,

1981. Appendix A contains a scientific paper that describes the

results of our analysis of the 17:09:40 event. This flash is

typical of most of the lightning events in that the results obtained

and new questions raised are similar to those for other events.

For the 17:09:40 event, a two-stroke flash with separate chan-

nels to ground, lightning channel reconstructions were oossible for

both channels to ground via the VIIF time-of-arrival system. Elec-

tric and maonetic fields were recorded on the WC-130 and electric

fields were recorded at the qround. The followinq conclusions can

be drawn from the detailed analysis of the 17:09:40 flash and sur-

vey analysis of other events: Maximum rates-of-change of airborne

electric fields from the last few stepped leader pulses and from the

fast field transitions of return strokes are about 3 V/m ws normal-

ized to 100 km. These values are an order of magnitude smaller than

those reported by Weidman and Krider (1980) and Weidman (1982) for

leader and return stroke pulses measured at around level over salt

dE
water. Figure 1 shows a histogram of maximum /dt values measured

at ground level over salt water and normalized to 100 km for the fast

field transitions of return strokes. The mean is 33 V/m us. It is

crucial to understand why the airborne electric field rates-of-chanqe

are so slow. One possible explanation that needs further examination

is that since the stepped leader and return stroke fields are qener-

ated near the around, the electromaanetic wave may be coupled to or

2
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(from Weidman, 1982).

3



reflected from the non-perfectly-conductina earth and thereby produce

a deqredation of the airborne risetime. A theoretical analysis is

possible. Additionally, the fields at the aircraft altitude or above

should be examined to see if there are faster rates-of-chanae that

are characteristic of pulses produced far above qround. A search of

the records for these kinds of data is outside the scope of the pre-

sent study.

Electric-field risetimes measured on the aft uoper fuselaie of

the WC-130 are always faster, up to 0.5 vIs faster, than those mea-

sured on the forward upper fuselaae. Further, the field amplitudes

on the aft upper fuselace are a factor of 3 to 4 smaller than on the

forward upper fuselaqe. The model study by Electro Manetic Applic-

ations, Inc. (EMA) of the electromaqnetic response of the WC-130

aircraft to the electromaanctic siqnals oriqinatino at the known

locations of the stepped leaders and return strokes of the 17:09:40

event show the risetimes of the two sensors to be identical. More-

over, each antenna response is essentially the incident field times

a scale factor. A possible explanation for the observed difference

in the two sensors is that on the actual aircraft there was a thin-

wire antenna above the aft upper fuselaqe antenna which both could

have shielded it and could have caused resonances that affected the

I measured risetime. It was not reported until very recently that

there was such a thin-wire antenna on the WC-130, so the antenna was

not modeled in the EMA study. Future work should include modelinq of

the exact conficuration of the aircraft including all wire antennas.

The measured fields on the aircraft show a pronounced resonance at

about 3.7 MHz which is not produced by the model illumination of the

WC-130 with a spherical electromagnetic field. The model calculations

4
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show a relatively small resonance at about that frequencv. In order

to understand better the generation of resonances, the model calcula-

tions should be expanded to include field components in the direction

of propagation which may be more efficient excitors of resonances.

The effects of angle of incidents of the incoming electror-aanetic we

on the aircraft response should also be studied.

SECTION III AIRBORNE ELECTRIC AND MAGNETIC FIELD CALCULATIONS

The results of our calculations of lightning return stroke fields

above ground are given in the scientific paper in Appendix B. Two

sets of calculations are presented: those for which the initia, aei

current propagates up the channel unattenuated and those for whic , 11e

peak decreases exponentially with height with a decay length of

km. Recent work by Jordan and Uman (1983) has shown that, while:ho

return stroke light decays exponentially with height with about a 1.0

km decay length, the relation between light and current is such that,

in all probability, the current decays much more slowly with !heiaht

than does the light. Thus, the fields to be expected above qrourn.

should be between the two cases presented in Appendix B.

The results in Appendix B are primarily concerned with overall

field waveshapes and no data are given on risetimes. The risct i-es r,

the air above a perfectly conductina ground are determined by both thc

risetime of the line-of-sight wave and the delayed risetime of the

reflected wave from the ground. For each small channel section tha:

radiates a field the propagation delay is different, and thus the

total risetime observed above a perfectly-conductin ground can only

be determined by a relatively complex calculation. In view of the

fact that the risetimes measured on the WC-130 aircraft are

5
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substantially slower than qround-based measurements made over salt

water, as noted in the previous section, the calculation of airborne

risetimes, even for the case o1 a perfectly conitictinq earth, would

appear to be desirable.

SECTION IV. LIGHTNING TEST STANDARD

Tables IA and IIA of the scient ic paper in Appendix C gi.-e

our recommendation for a lightning i urn stroke test standard for

average first and subsequent return es, as well as a comparison

of lightning and NEMP. We recommend, as noted in Appendix III, that

severe strokes be modeled by scaling the curre nt amoplitudes -or aver-

aqe strokes up by a factor of 5. We have chosen to use current wave-

forms derived from remote field measurements rather than those found

from direct tower measurement (given in Tables IB and IIB) for the

reasons discussed in Appendix C and in the followinq. The best avail-

able direct current measurements, as discussed in Appendix C, come

from Berger and Garbagnati and are based on strikes to towers on two

mountains near the Swiss-Italian border. In these data, the risetimes

of first return strokes are considerably slower than those of subse-

quent strokes and a peak current derivative, dladt, of I x I0 A/s

occurs in about 11, of the subsequent strokes. However, in a South

African study, as noted in Appendix C, a d//dt of 1.8 x 10 A/s was

measured for one lightning strike to a tower on relatively flat ground

in a small sample of flashes. This case is apparently the larcest

dI/dt that has been measured directly. Later measurements on the same

South African tower (Erikkson, 1982) usinq a waveform diqitizer showed

4 out of 5 subsequent strokes in a si stroke flash (out of a sample

of 3 multiple-stroke flashes) had ri.-utimes less than 0.2 :.s, the

6
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dl ' s

sample tI I, and the /dt qreater than 0.u , . , ,.

times 10 A/s. Whether currents measured on tower. i.r I'

resnta Ltive Of the currents in the 1iqhtninq channel I , n

or or the currents that would f loW through ,n ,ircrJ t 1n,, JI',M

is not known. The shape of the tower currenL, r. rticuiarv_

the first return stroke in a flash, is not consistent witr :

tric and magnetic fields produced by normal ]icihtninq t ,r .

(Weidman and Krider, 1978). Unfortunately, there ,re no s..t,

measurements of the electromagnetic fields and c.,rr.nt:&r.r:.

quent strokes in rocket-trigered F]ashes, ano th,..v .:.....

11,1 ;Uo reinen t: to compLute return troke ve I c i t 1 .: i ..

Oiven in Appendix C. Using this method, tlc ' ,

velocity of 1.3 x 10 m's with a standard dev, ," ,

using magnetic fields, and a mean of 1.7 x 10 : .,

deviation of 0.43 x 10" m/s using electric fie1_-.

Dejebari et al., 1981). These velocity deterii, t . -

with the photographic measurements of (inone and ,,ri I, -

report a mean of 0.96 x 10 m/s for first strokes withis -:

qround and a 1.2 x 10 m/s for subsequent str0cs s. 2",c , r .

regard the French measurements on ti-ioaicred,! " .,K .: .

some support for the theory aiven in Appen.:. : C

to note that the 10-90', risetime of the V'enth c..c< :

shown as an example is about 0.1 Its and that t: yeaK ci.;rrn -

10 kA (Fieux et al., 1978), yieldinq a dtof ' x 0 x 10

Return stroke currents that are derived frol :,ea , .

a mean maximum dI/dt of about 1.5 x 101 t A/s, and the :',.::<imuv: ieas,:

V-1iOlu2 is about 4 x 1011 A/s in about 100 measurcm,-nt> .,c:' r, .

r,,,n :aXIMiU /dt derived from fields is ecu~va.(.,-.

7

o- _t.



in the tower data. In the paper in Appendix C, we have assumed that

a typical lightning has maximum dI/dt of 1.5 x 1iW1 A/s and peak cur-
dI

rent of 35 kA, and that a severe lightning has a maximum /dt and

peak current that are five times larqer than the typical lightning,

i.e. 7.5 x 1011 A/s and 175 kA, respectively. These choices for a

severe lightning have been criticized because they associate the
dI

largest peak current with the greatest /dt. We shall explore the

validity of these choices below.

Figure I shows the submicrosecond structure of a typical return

-trok,: radiation field and identifies the portion just prior to the

;'k'-ak that has the largest dE/dt. In our model, dP/dt is directly
dl

•roport onal to /dt and the constant of proportionality contains

tllk return stroke velocity near ground, as note(! in Appendix C. A
dE

.:stooran o'- measured /dt values normalized to 100 km for the fast

field transition are plotted in Figure 1 for lightning at a number of

,istances over salt water (Weidman and Krider, 1980; Weidman, 1982).

:h se measurements were made over salt water, and evidently the pro-

:-aqtion distance does not affect the measured values. The mean max-
I..

imum /dt during the fast transition is 33 V/m is normalized to 100

ki:., and the mean 10 to 90% field risetime is 90 nsec durinq the fast

t rans i t ion.

d L;'iqure 2 shows the relationship between the maximum /dt and

the corresponding AE during the fast transition. The values of dEd

and E do appear to be correlated, and this implies that a larae cur-

rent peak will produce a large dI/dt as we have assumed for our

severe lightning. On the other hand, only 8 out of 108 points in

: iqure 2 are above 50 V/m Ws, and these have a larger variation in

than the points below 50 V/m is. Therefore, it mioht be argued

8
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Figure 2. The Correlation Between Return Stroke AE/At and AE
Range Normalized to 100 km (from Weidman, 1982).
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dE
that there is not enough /dt data to draw a firm conclusion about

the distribution at high values of Adt. It has been suggested that

the data may be approaching a limit at about 75 V/m iis, but this does

not appear to be valid in view of the small number of measurements.

It has also been suggested that the data above 50 V/m vts may be pro-

duced by a different process than the data below this value, e.g. by

two channels radiating simultaneously, but there is still no direct

evidence that this suggestion is valid.

F'iqure 3 summarizes all the available data on the values of the

maximum return stroke di/dt. The data for the field-derived dI/dt

are plotted assuming a return stroke velocity of I x 1 0 " m/s. The

plotted lines show where these data would fall if the velocity were

either 1.4 x 10 or 0.6 x 10' m/s. It is clear from this figure that
dI 's

the average field-derived /dt correspond to the maximum values of

the tower measurements for subsequent strokes and that the tower

values for first strokes are significantly lower than those for sub-

sequent strokes.

As noted earlier, the validity of our model relating fields and

currents is supported by the French measurements on triggered light-

nina, and we think this model, which assumes that an upward propaga-

ting current pulse is associated with the return stroke wavefront,

is the best that is currently available. An alternate model, which

assumes that a spatially uniform but time-varying current propagates

upward, the so-called Bruce-Golde model, yields a field-derived

dI /dt that is within a factor of 2 of that found with our model.

Essentially all of the high frequency content of the field is deter-

mined by the current rise to peak and the current fall just after

peak, so the validity of the return-stroke current model after the

10
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peaik is otf secondary importance.

it has also been suggested (Uman et al., 1973; Weidman and

IKrider, 1978) that the initial first stroke field may be produced

by currents propagating both upward and downward from the junction

between the upward and downward leaders. This effect would lower

our field-derived dI/dt by a factor of 2; but such an effect should

not occur in subsequent strokes and these are observed to have about

dE dI
the same /dt and hence /dt as first strokes.

As an extension of the calculations in Appendix C, Figure 4

shows electric field spectra for an average first stroke at dis-

tances between 50 m and 10 km. The dashed lines in Figure 4 show

the spectra of just the radiation field term so the contribution

of the electrostatic and induction fields can be evaluated.

*An aircraft in flight probably will not encounter the return

strokes current characteristic of ground level considered above;

but, on the other hand, the maximum dE/dt values in cloud pulses

and leader steps and the associated amplitude spectra above 10' Hz

are very similar to those of return strokes (Weidman et al., 1981).

Although we do not yet have a model for these processes in which

we are confident, the available measurements imply that the maximumi

current derivatives in these processes are comparable to return

strokes. Therefore, we expect that the hazards from the high fre-

quency components of cloud-discharges may well be similar to return

strokes near the ground.

Since the actual lightning channel is tortuous, it might be

expected that the frequency spectra shown in Figure 4 miqht be af-

fected by that tortuosity. We argue now that this is not the case

12
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* at close range where the large field magnitudes could adversely

affect an aircraft. Levine and Meneghini (1978a) have used a simple

current model to calculate the fields which are radiated by a tortu-

ous channel and have shown that the tortuosity increases the "jag-

gedness" of a time-domain waveform and increases the spectral ampli-

tude above 10 Hz by about 20 db. we have repeated their calcula-

tions for both distant and close (50 m) fields for a first stroke

that has the current parameters given in Appendix C, Table 1A. The

channel tortuosity is that given in Figure 2 of Levine and Meneghini

(1978b). The results are shown in Figure 5, and it is clear that

tortuosity does not appreciably alter the spectrum of the electro-

static or induction components which dominate the fields at close

ranges. The change in the radiation field spectrum with tortuosity

is an increase of about 10 db above 105 Hz. These calculations are

critically dependent on the channel current waveform and the assumed

tortuosity. On the other hand, the time-domain waveforms for the

simulated tortuosity are much more "jaqged" that the experimental

data, which for subsequent strokes are actually quite smooth, so the

effects of tortuosity may not be nearly as large as these calculations

would indicate. In fact, most of the frequency content above 106 liz

in the measured time-domain fields from first and subsequent strokes

is produced within 1 psec or so of the peak field; and this implies

that most high frequencies are radiated at a time when the stroke is

within a few hundred meters of ground and prior to the time when

tortuosity can play a significant role. why subsequent stroke

field waveforms are smooth when photographed channels appear to have

considerable tortuosity is not clear. Currently, there are studies

under way at the University of Arizona to measure tortuosity and

14
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branching in real channels, and in the future these will be coupled

with calculations of fields by the University of Florida. We hope

that these future studies will resolve this apparent contradiction.
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APPENDIX 1

Airborne and Ground-Based Lightning
Electric and Magnetic Fields and VHF

Source Locations for a Two-Stroke Ground Flash

Reprinted from

International Aerospace and Ground Conference on
Lightning and Static Electricity

1983
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AIRBORNE AND GROUND-BASED LIGHTNING
ELECTRIC AND MAGNETIC FIELDS AND VHF SOURCE

LOCATIONS FOR A TWO-STROKE GROUND FLASH

M. A. Uman and E. P. Krider
Lightning Location and Protection, Incorporated, Tucson, Arizona

P. L. Rustan, Jr., B. P. Kuhlman, and J. P. Moreau
AFWAL/FIESL, Wright-Patterson AFB, Ohio

E. M. Thomson, J. W. Stone, Jr., and W. H. Beasley
University of Florida, Gainesville, Florida

ABSTRACT

We have reduced and analyzed the data from a two-stroke lightning

flAsh to ground which occurred in South Florida on July 16, 1981, within

a network of four ground stations instrumented for VHF measurements,

about 15 km from a ground stati m instrumented for wide-band electric
field measurements, and within 10 km of a WC-130 aircraft operating

at 5.2 km and instrumented for wide-band electric and magentic field

measurements. The four-station ground-based VHF measurements allow

a reconstructi e of the geometry of the flash, which was composed of

two separate channels to ground. Electric field system bandwidth for

the ground measurement was from 0.02 Hz to about 2 MHz; electric and

magnetic field system bandwidths on the aircraft extended to 20 MHz.

Ground-based and airborne measurements of fields are presented and

shown to be consistent with one another.

51-1
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DURING 1979. 1980, AND 1981 THE AIR FORCE tives of the measured quantities were sampled
Wright Aeronautical Laboratories directed a at 20 ns intervals for time blocks of 160 v~s.
programi designed to characterize airborne Such blocks of data, with an effective upper
lightning electric arg. magnetic fields. frequency response limit of about 20 MHz, were
A WC-130 aircraft instrumented for electric acquired at a rate of twice a second, the data
and magnetic field measurements was flown in block being initiated in a pre-trigger mode by
South Florida in the vicinity of a network an incoming signal exceeding a pre-set thresh-
of ground-based stations which provided hold.
electric field at ground level and data from
which the location of lightning VHF sources GROUND-BASED MEASUREMENT SYSTEMS
could be determined. Extensive data were
obtained. These will take many years to Ground-based electric field measurements are
analyze fully. In this paper we briefly essential to proper interpretation of the air-
describe the instrumentation used during the borne data since considerable information exists
1981 measurement season and illustrate the on the characteristics of the fields observed
potential of the data base by presenting an at ground level and the relation of those
analysis of data from one two-stroke light- fields to their sources, whereas such informa-
ning flash to ground which occurred at tion is not available for airborne fields. The
17:09:40 EDT on July 16, 1981. ground-based electric field system was similar

to that described in Beasley et al. (2). The
AIRBORNE MEASUREMENT SYSTEMS fields were recorded on eight channels of an

instrumentation tape recorder with a bandwidth
The WC-130 aircraft is about 30 m from in the FM mode of 0.02 Hz to 500 kHz and in the

nose to tail and about 41 m in wingspan, direct mode of 400 Hz to 2 MHz. A variety of
Aircraft resonances are expected at half and gains allowed the measurement of fields between
integer multiples of 9.9 and 7.4 MHz. The 4 V/n and 40,000 V/m. Fig. 1 shows the overall
airborne instrumentation had an upper fre- experimental setup including the location of
quency response limit of about 20 MHz so that the trailer that housed the electric field
some of these resonance effects could be system.
observed. Three basic types of sensors, The VHF source lo -cation system comprised
described in Baum et al. (l)*,were used: four VHF stations located about 20 km apart as
(a) plates to measure the component of the shown in Fig. 1. The VHF radiation at each
electric field intensity perpendicular to station was (a) detected with an omnidirectional
aircraft surfaces, (b) loops to measure the antenna, (b) passed through a filter with a
magnetic field intensity parallel to aircraft center frequency of 63 MHz and a bandwidth of
surfaces, and (c) loops to measure current 6 MHz, (c) log amplified, (d) envelope detected,
densities flowing in aircraft surfaces by and (e) recorded on a modified version of the
sensing the magnetic field associated with RCA VCT 201 Video Cassette Recorder. The sys-
those current densities. The latter ten allows VHF locations from the measurement
two sensors have essentially similar principles of the difference in the time of arrival of a
of operation. A total of eleven sensors were given pulse at the four stations as explained
used on the WC-130 in 1981. Electric field was in Rustan et al. (3) and Proctor (4). The tine
measured on the forward upper fuselage, aft correlation necessary for this measurement, about
upper fuselage, aft lover fuselage, and left 0.1 vjs, was accomplished by using WWV for crude
wing tip. Both horizontal components of the time correlation and the vertical and horizontal
magnetic field were measured on the forward sync pulses from WINK-TV in Fort Myers (shown
upper fuselage. Skin current density was mea- in Fig. 1) for Iine time correlation. The hor-
sured on the top and bottom of each wing and izontal sync pulses have a rate of one each 63
on the aft upper fuselage. All measured quan- vs.
tities were continuously recorded on instrumen-
tation tape with an upper frequency response
limit of about 2 MHz. In addition, the deriva-

*Numbers in parentheses designate References

at end of paper.
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DATA The first-stroke electric-field intensity
measured at the ground station has an initial

A conceptual sketch of the lightning peak value of 50 V/m, or 8.0 V/m normalized to
channels of a two-stroke flash occurring on 100 km, a peak field typical of Florida light-
July 16, 1981 at 17:09:40 EDT is shown in Fig. ning (7). The comparable fiel values at the
1. The sketch is based on the VHF time of WC-130 are 110 V/m, or a normalized 8.6 V/m,
occurrence and location of the VHF radiation on the forward upper fuselage, and 32 V/m, or
sources shown in plan view in Fig. 2a and look- a normalized 2.6 V/m, on the aft upper fuselage.
ing north in Fig. 2b. The location and orien- The second stroke peak field measured on the
tation of the WC-130, which was flying at 5.2 ground was 14 V/m, and the stroke was at a
km, is also shown in both figures. range of 14 km, resulting in a normalized fie!,!

Both strokes appeared to originate from of 2.0 V/m, a relatively small value for Florida
about the same region, but the second went to return strokes (7). The airborne second stroke
a different ground strike point, about 5 km fields were comparably small and difficult to
north-west about 250 ms after the first stroke. make any measurements on other than amplitudp.

The first VHF radiation sources start In tho first stroke field records the ratios ,*
about 50 ms before the first return stroke, at the stepped-leader pulse heighti to the retun.
an altitude of about 7 km, that is, 2 km above stroke peak are essentially the same, on averie
the level of the WC-130, and about 7 km east about 0.1, and, as expected, the stepped-!Xar
and 3 km south of it. The source locations then pulses occur at the same times before the re-
spread up and down about 1 km and east to about turn stroke on all three records, as can be
8 km in about 5 ms. During the last 5 ms before seen in Figs. 3, 4, and 5. The zero-to-peak
the return stroke, the source locations are at rise-time of the first return stroke measured
an altitude between 4 km and 1 km, from 7 to at the ground is about 3.0 Ls, also consistent
10 km east and from 2 to 6 km south of the with typical values measured in Florida (7),
WC-130. The ground strike point of the first with airborne values of 2.9 ws at the forwarc
stroke appears to be between 7 and 8 km east upper fuselage and 2.6 s at the aft upner
and 2 to 3 km south of the WC-130. For about fuselage. Stepped leader pulses have zero-t -
0.5 ms after the return stroke, VHF sources peak rise-times on the ground of about ' -h
appear between 3 and 8 km altitude, 7 to 10 km and full-widths at the pulse base of abou. - .
east and 1.5 to 8 km south of the WC-130. Comparable airborne values are 0.8 .s ano

About 200 ms later, VHF sources become ws at the forward upper fuselage and 0.3 .s an :
active for 0.5 ms between 6 and 3 km altitudes, 1.0 us at the aft upper fuselage. All neisured
5 to 9 km east and 2 to 3 km south of the rise-times are well within system limits. T-.
WC-130. Then, 30 ms laker, for about 1 ms, VHF rise-times on the ground are expected to be
sources appear from 5 km down to 1.5 km alti- longer than in the air because of the effects
tudes, 4 to 5 km east and 2 to 5 km south of of groundwave propagation involving a non-
the WC-130. The strike point appears to be perfectly-conducting earth, as discussed in
about 5 km east of the WC-130. Lin et al. (7), Uman et al. (8), and Wei--.an

Figs. 3, 4, and 5 show the vertical elec- and Krider (9). The reason that the rise-t1:7e:
tric field at the ground station, the airborne at the aft upper fuselage are faster than tho,
vertical electric field on the aft upper fuse- at the forward upper fuselage is not kn,, ,
lage (AUF in Fig. 1), and the magnetic field in aircraft resonances may contribute to this
the direction of the fuselage as measured on the effect. Wing and fuselage resonances are
forward upper fuselage (FUF on Fig. 1), respec- excited by the airborne horizontal electric
tively, for the first stroke in the flash, field which is the dominant field within about

The stroke which produced the electric 1 km of a return stroke and is comparable tc
field in Fig. 3 was at a range of 16 km from the vertical field near 10 km (5). The leader
the ground station and 8 km from the aircraft, pulse rise-times are somewhat slower than the
The airborne field magnitudes in Figs. 4 and 5 typical values for 10 to 90 percent of 0." .-;
are not corrected for field distortion by the reported in Weidman and Krider (10) for lizht-
aircraft. The stepped leader pulses which pre- ning over salt water.
cede the return-stroke transition and the first Maximum rates-of change of airborne elec-
ten microseconds or so of the return-stroke tric field for both leaders pulses and return
field are essentially radiation field at these strokes were the same, about 40 V/n s. or
ranges; and the fields on and above the ground 3.2 V/m us normalized to 100 km. These are to
are expected to have essentially the same shape be compared with the normalized mean of 30 V-
(5), as the results in Figs. 3, 4, and 5 con- us for return strokes and 21 V/m .s for leader
firm. After about 10 us, the return-stroke pulses reported in Weidman and Krider (9) 1$')
electric fields show an electrostatic component for lightning over salt water.
which the magnetic field does not possess (5)
(6). Additionally, the low-frequency cut off
of the system used to obtain the magnetic field
shown in the figure decays slightly faster than
the actual field.
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Fig. 1 - The experimental setup including the
position of the WC-130 at 17:09:40 EDT on July
19, 1981 and a drawing of the two lightning
channels to ground deduced from VHF time-of-
arrival measurements
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APPENDIX 2

CALCULATIONS OF LIGHTNING RETURN STROKE
ELECTRIC AND MAGNETIC FIELDS ABOVE GROUND

Reprinted from

Journal of Geophysical Research
86, 12,127-12,132, 1931
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Calculations of Lightning Return Stroke Electric
and Magnetic Fields Above Ground

M. J. MASTER, M. A. UMAN, Y. T. LIN' AND R. B. SrANDL-R 2

Department of Electrical Engineering. University of Florida. Game.%vlle, Florida 1261

The first detailed calculations of lightning return stroke electric and magnetic fields aboV ground
are presented. Waveforms are given for altitudes from 0 to t0 km and ranges from '0 m to 10 km
These waveforms are computed using the model of Lin ci al (1980 and a modih:ation of that model in
which the initial current peak decays with height above ground Both the original and the modified
models result in accurate prediction of measured ground-based fields Return stroke held measure-
ments above ground close to the stroke, with which the calculations could he compared, have not yet
been made. Salient aspects of the calculated fields are discussed, including their use in calibrating
airborne field measurements from simultaneous ground and airborne data

INTRODUCTION {2(1 ( z,')2 - r2  
1 2z _z',- r

Lin et al. 119801 have recently introduced a lightning Rs 7 iv'. R 7id-
return stroke model with which return stroke electric and
magnetic fields measured at ground level ILin et al.. 19791
can be reproduced. Here we use that model and a modifica- - r: f'W: Ri) a:
tion of it to compute electric and magnetic fields at altitudes - Rid .R ,t 2; (1)
up to 10 km and at ranges from 20 w to 10 kn. These
calculations provide the first detailed estimates of the return
stroke fields that exist above ground and that are encoun- dB (r. 6. z. t)
Lered by aircraft in flight. The most recent generation of
aircraft may be particularly susceptible to lightning electric
and magnetic fields because these aircraft are controlled R( , z''. -- R/I
with low-voltage digital electronics and are in part construct- 4 r R

ed of advanced composite materials which provide a reduced
level of electromagnetic shielding [Corbin, 19791. Hence, in (2

* the context of aircraft safety, calculations of the magnitude
and wavehape of airborne electric and magnetic tields are of where I I and 12, arc , rcseJ i ,\ i ndri.al cordinats. l
considerable practical interest. Furthermore. from a scien-
tific point of view. since airborne electrc and magnetic fields geometrical flictors, are illustrated in Figure I Equations i I

: are presently being measured [Pitts et al.. 1979; Pitts and and (2) ire obtained in a straightforward manner using an

Thomas. 1981; Baum. 19801. a companson of the calcula approach similar to that of Uman ctat. 19751. In (I the first
and fourth ternts are generally called the electrostatic field.

ions given in this paper with appropriate experimental data. and f fth te ncion or termedat field,

when they are available, will constitute a test of the return the remani te the rdiation ieldinte first
trokemodelthe remaining IWO term% the radiation field. In (2) the first

itroke model.
term i, the induction hted and the second. the radiation field.

THI.oRY The eflects of the perfccth, conducting ground plane on the

The lightning return stroke current is assumed to flow in a electric and magnetic fields due t the source dipole are
included by replacing the ground plane by an image current

thin, straight, vertical channel of height H above a perfectly ile at diptac n the planeb a n inFiure

conducting ground plane, as shown in Figure I. The electr dipole at distance -. ' beneath the plane, as shown in Figure

and magnetic fields at altitude z and range r from a vertical I [Stratton. 19411. The electric and magnetic fields due to the

dipole of length d-' at height z' and arbitrary current i(z', t) image dipole may be obtained by substituting R, for R and
dh' for z' i () and (2) above.

are In this paper we examine only ih, fields of a typical

subsequent return stroke because it is subsequent strokes

dE i r. di. ". it II , ts. T Rh) dT with which L~in et al. 1 19801 have tested their model. Subse-
4d r . R o quent strokes are more easily modeled than first strokes

because in contrast to firsts. subsequents have few if any
3r~z - ') r-z - t') ) - RIO branches, have relatively constant return stroke velocities,

+ cR ( sz'. t - RIC) c-R 3  &t , and are probably initiated at ground level rather than by
upward-going leaders (Schonland, 1956].

The model of Lin er al. [1980] postulates that the return
Now with Texas Instruments. Dallas. Texas 75234. stroke current is composed of three components: (I) a short-
Now at the Rochester Institute of Technology. Rochester, New duration upward-propagating pulse of current of constant

York 14521 magnitude and waveshape associated with the electrical

(opyngit 0 19,1 by the American Geophysical Union. breakdown at the return stroke wavefront and responsible

Paper number IC1479 1..127
014-022718100I1oC-1479501 00
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pulse current (component (1) in the model) must also de-
7 (r~. Z Icrease with height.

2. When the breakdown pulse reaches the top of the
channel, the model of Lin et a. [19801 predicts a held change
of opposite polarity to that of the initial field. the waveshape
of the field change being a mirror image' of the initial field
change. A detailed discussion of the mirror image effect is
given by Uman et al. [19751. It is observed occasionaly in
the fields from first return strokes but almost never in the

.. GROuND (.r fields from subsequent return strokes (Lin et al., 1979]. If the
... breakdown pulse current is allowed to decay with height so

af I that it has a negligible value when it reaches the end of the

: 9 the calculated fields.
8, In view of observations I and 2 above, we propose the

,MAGE , 0# following modification to the model of Lin et al. 119801: the
breakdown pulse current is allowed to decrease with heighi
above the ground; all other features of the original mode!

.I. Geometry for field computations remain unchanged. As we shall see, the fields at ground levei
Fig. 1produced by the modified model are essentially the same as

those due to the original model except for the absence of the

for the return stroke peak current; the pulse is assumed to mirror image. However, the fields in the air, especiall) at
propagate at a constant velocity; (2) a uniform current which close ranges, differ considerably.
may already be flowing (leader current). an assumption we We first consider the calculation of the electric and
use in this paper. or it may start to flow soon after the magnetic fields of a typical subsequent stroke using the
commencement of the return stroke- and (3) a 'corona' original model of Lin et al. [19801. We then repeat the
current caused by the downward movement of the charge calculation for the modified version of the model. The
initially stored in the corona sheath around the leader subsequent stroke used in this study is that for which the
channel and discharged by the passage of the return stroke following data are given in Figure 11 fLin eta . 119801: both
wavefront. These three current components are illustrated in measured and calculated fields at ranges of 2 km and 200 km
Figure 2. at ground level and calculated current at ground level. This

Two observations form the basis for a modification of the calculated current and the three components which consti-
model of Lin et al. 119801: tute it are shown in Figure 3. The rise-to-peak of the

I. At the time that the research of Lin et al. 11980] was breakdown pulse component has been altercd from that
done, subsequent strokes were thought to have both lumi- given by Lin et al. 11980] so as to be consistent with the
nosities (hence, by implication, currents) and return stroke measurements of Weidman and Krider 11978]. The salient
velocities that were invariant with height fSchonland, 19561. parameters of the current used in the field calculations for
However. Jordan and Uman [19801 have since shown that the case of a constant breakdown pulse current are it
subsequent stroke initial peak luminosity varies markedly breakdown pulse current: increase from 0 to 3 kA in l.u azs.
with height, decreasing to half-value in less than I km above followed by a fast transition to a peak value of 14.9 kA at 1. 1
ground. The implication of this result is that the breakdown os, half value at 3.8 jgs, and zero at 40 jis. the breakdossn

siope

un'ttrm
CumseV

t lit Vt 3

23 V?1

CroaVof

cuffen~t

t2 tis 14 Ot t2 t3 14 TV"

Fig. 2. Current distribution for the model of Lin et al. 119801 in which the breakdown pulse current is constant with
height. The constant velocity of the breakdown pulse current is v. Current profiles are shown at four different times. I,
through t,, when the return stroke wavefront and the breakdown pulse current arc at four different heights zi through z.,
respectively.
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Fig. 3. Return stroke current components at ground calculated from measured electric and magnew. fields for a
typical subsequent stroke.

pulse current propagates upward with an assumed constant uniform and corona currents which are the same in the
velocity of I x 10 m/s, (2) uniform current: 3100 A, and (3) original and modified models. Hence it follows that ground-
corona current injected per meter of channel: !oe- "'(e- 

' based or distant airborne measurements cannot be used to
-e- Is), with 1o = 21 A/m. x = 1500 m. a = W0 s - 1. and b = test the validity of the model modification introduced here.
3 x l06 s'. The initial charge stored on the leader and 2. The abrupt field changes associated with the unatten-
lowered by the return stroke is 0.3 C. The channel length is uated breakdown pulse current reaching the idealized ends
7.5 km. In the modified version of the model we use a of the real and image channels [Uman et al.. 19751 do not
breakdown pulse current whose amplitude decreases with occur when that pulse current is attenuated with height so
height as e-"'

. with X - 1500 m; that is. the breakdown that it does not have an appreciable magnitude when it
pulse current decreases with height in exactly the same way reaches the channel end. As noted earlier, the fact that these
as does the corona current. All other parameters for the abrupt changes do not often occur in the experimental data
modified model are the same as those for the original model. [Lin et al.. 1979] was one of the reasons for the proposed

Since both first and subsequent strokes probably have modification to the original model of Lin el al. 11980).
initial currents which decrease with height [Schonland. 1956; 3. At ranges less than about 200 m the horizontal electric
Jordan and Uman, 19801, and since the measured wave- and the magnetic field components above ground attain
shapes of first and subsequent stroke fields at ground level initial peak values at about the time at which the return
are qualitatively similar (Lin et al.. 19791. one would also stroke breakdown pulse current is at the same altitude as the
expect the airborne subsequent stroke fields calculated using field point. The vertical electric field component undergoes a
the modified model to be qualitatively similar to airborne sharp decrease at thi, point. The maximum electinc and
first stroke fields, magnetic fields are due to the charge and current, respective-

ly, associated with the breakdown pulse component at about
RESULTS the time of its closest approach to the field point. The peak

Calculated vertical and horizontal electric fields are shown electric field is essentially electrostatic, the peak magnetic
in Figures 4a and 4b. respectively, and calculated magnetic field essentially induction. The initial peak field present in
fields in Figure 4c. Solid lines represent the original model of measurements made beyond a few kilometers and associated
Lin et al. 11980) and dashed lines the modified version of the with the radiation field component of the breakdown pulse
model in which the breakdown pulse current decreases with current is present in the close electric and magnetic fields but
height. All zero times on the figures indicate the time at is small compared with the electrostatic and induction fields.
which the return stroke current originates at ground level, respectively. The effect of the decrease of the breakdown
The waveforms at the field points begin after the appropriate pulse current with height is primari to decrease the magnt-
propagation time delay. The intersections of the slanted solid tude of the initial electrostatic and induction peaks.
lines with the horizontal dotted lines at various heights 4. At ranges less than about 200 m the vertical electric
indicate the times at which the return stroke wavefront field above ground is bipolar for the unattenuated pulse
passes those heights. A number of features of the calculated current due to the passage from below to above of the charge
waveforms are worthy of note: associated with the breakdown pulse current. As one moves

I. With the exception of the absence of the abrupt field farther away from the channel, is near the ground, or
changes associated with the end of the channel, the fields on considers a pulse which decays with height, this bipolar
the ground at all distances and the fields on the ground and in effect is reduced. On the ground near the channel the electric
the air beyond about 10 km are not much influenced by the field is always unipolar and of opposite polarity as compared
breakdown current pulse decrease with height. This is the to the initial bipolar field, since the charge motion is always
case because the initial parts of these field waveforms are at a height above that of the field point.
radiated by the breakdown current pulse while it is very 5. At ranges less than about I km the peak value of the
close to the ground and near its maximum amplitude, while horizontal electric field above ground is larger than the
later portions of the field waveform are primarily due to the associated vertical electric field. The horizontal and vertical
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Fig 4a. Calculated vertical electric fields for a typical subsequent return Ntroke The solid lines represent the
original model in which the breakdown pulse current is constant with height. the dashed lines the modified moci in
which it decreases with height.

fields above ground are roughly equal in peak magnitude in initiation of the return stroke at ground due to the :rrc
the 3 km range, and the vertical field is larger beyond about flow prior to that time is unknown and hence is not inoudcd
10 km. in the calculated fields. In the work by Lin et al. I119101 the

6. At ranges greater than 10 km the magnetic field and initial field value was plotted as zero, since the actual %alue
the vertical elc tric field are relatively weak functions of could not in general he determined from the type of measure-
altitude, whereas the horizontal electric field increases ments made by Lin et al. [1979].
roughly linearly with altitude. The magnetic field and the
vertical electric field are height independent as long as the
difference between the propagation paths from the source DiscussoN
dipole and its image is much less than the wavelength of the In this paper we have presented the first detailed estimate%
highest significant frequency component of the electromag- of airborne electric and magnetic fields due to lightning. We
netic radiation from the source, a condition which is met to a have used the original model of Lin c al. 119801 and also a
reasonable approximation at a range of about 10 km at modified version based on observations of l.in er ai I 19741
altitudes below about 3 km for the current waveshapes used and of Jordan and Uan [1980]. The new version of the
in the model. Hence measurements of distant magnetic and model (1) results in fields which do not exhibit abrpt
vertical electric fields made simultaneously on the ground changes associated with the breakdown pulse current reach-
and in the air provide a simple means of calibrating the ing the topofthe channel and (21 can be expected to produce
airborne measurements. an initial luminosity which decreases with height abovc tle

7. The initial nonzero value associated with the wave- ground. Though the individual currents which define the
forms. which can be clearly seen in Figures 4a, 4b, and 4c at, modified model are not unique (see discussion by Lin et al.
for example, 10 km, is due to the induction field from the [19801), it is likely that the total current, which results in
uniform current component (component 2 in the model) accurate prediction of ground-based fields and is consistent
assumed to exist at the time at which the breakdown pulse with (I) and (2) above, predicts airborne fields which are at
current is initiated at ground level. We associate the uniform least qualitatively correct.
current with the dart leader which preceeds the return We have modeled the return stroke channel as a straight
stroke. The electrostatic field value at the time of the vertical antenna. An actual return stroke channel is charac-
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Fig 4h. Calculated horizontal electnc fielus for a typical subsequent return stroke The solid lines represent the
original model in which the breakdown pulse current is constant with height; the dashed line. the modified modcl in
which it decreases with height.

tenzed by tortuosity on a scale from less than I m to over I Available data on airborne field measurements are limited
km le.g.. Evans and Walker, 1963; Hill, 19681. Hill 11969] to the observations of Pitts and Thomas 11980) and of Baum

and LeVine and Meneghini 119781, using simple models. 11980]. Pitts and Thomas do not appear to have any data on
have investigated the effects of channel tortuosity on distant return stroke fields. Baum presents airborne measurements
radiation fields. LeVine and Meneghini find that the wave- made on first and subsequent return stroke electric and
forms computed for the case of a tortuous channel have finer magnetic fields. He gives one typical first and one typical
structure than those for a straight channel, resulting in a subsequent return stroke electric field waveform. He does
frequency spectrum for the tortuous channel that has larger not, however, make an independent measurement of the
amplitude at frequencies above about 100 kHz. Hill shows distance to the lightning flashes he records. Rather, he uses
that horizontal channel sections radiate significantly for the value- of the observed airborne initial peak fields and ihe
frequencies above 20-30 kHz but does not compare the average observed values on the ground as a function of
radiation from horizontal channel sections with that from distance obtained by Lin et al. 11979] to estimate the range.
vertical sections. The effect of using a tortuous channel to We have shown in this paper that the peak radiation fields
model the lightning return stroke fields at close range has for distances beyond about 10 km are about the same in the
been investigated by Pearlman 11979], again using a simple air and on the ground. However, the comparison with
model. His results indicate that channel tortuosity has little average values of the fields on the ground as a function of
ifect on the close fields. Since the peaks in the close electric distance can lead to range errors of two or three, since

and magnetic fields are due to the charge and current, individual field values may differ from the average by this
respectively, associated with the breakdown pulse current factor [Lin et al., 1979]. If we do use Baum's ranging
4as discussed in (3) of the previous section), we suggest on technique, the subsequent stroke waveform he gives is at a
physical grounds that the general shapes of the close fields range of about 20 km. The aircraft was at an altitude between
should not be greatly different from those shown. However, 3 km and 5 kmi. The measured airborne electric field is very
the peak fields at close range should occur at the time the similar to typical measured fields on the ground at that
breakdown pulse reaches the point of closest approach to the range. as expected from the theory preseilited in this paper.
field point, and thus the distance of closest approach re- A test of the validity of the predicted fields and hence the
places the range in Figures 4a, 4b, and 4c. model awaits measurement at close range of simultaneous

32

- - - -- - -~ -. ~ - .- J ,.. --



p
12.132 MASTER ET AL.: LIGHTNING RETURN STROKE E AND M FIELDS

l"k'" .. .. .. . ! - T. ... .. .4 ... ..i .... ...... ....... .. .. ..

km ............ ....................... ....

20m6 T0 I 1 1, Tm T Tm10

7kr ............. .... :

/ ib-g 
T I

3km. ....... .... 8.........................1............ ....

G 10 k ... ........................ . .. .

GUU~O......................:6*.............. ...... ... ..........................

20m 200 m 1 km 3kmn 10 km
RANGE
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lightning strike% and nearby, lightning are compared %ith the nuclear the% arc %e,'rr, product vi tiris -field %pt.4Ird near e'r,,sr,

electromagnetic pulse iNl:P) from an exoatmos.pheric burst. ModeI exceed that of the Ntl1 helhiss ah-,ut III" H!, ihil, th, p,
calculations indicate that. in the frequenc range from 10~

4 
1) near 10 average nrarh first return ,qritkr rscesl that it thM %11' 1,N

Fit. the lourier amplitude spectra of the return stroke magnetic fields about 3 x Ii" l,. Impicatlrin of Ihe'v rrciil{ lir air r.if w

near ground I m from an average lightning strike %ill eceed that of are discussed.
Ae% Wosrds,-l.ightnn/. I-nIP. electromagnetic fields. i.mpmdlh
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lulea! power plants and Raloff [61, 171 has considered where t~t). -- 0, is the current at tuine i. L I fihe vel')tcii %lit-,
:titcat posed by NI-NiP and the imiplementation of' dcten- %hich thre current pulse. propavrates up the chati. 1) IN the.

e r ale'ies. It has often beeni stated 14), [t)] I that thle horizirnril distance iromi thle cIhannel to thle poll.: J, t :1,; hr1ti

:e, :% of NLNMP are comparahle to. orT greatly exceed. those of field is niea u red. (us tlie Speed of likh t. A,, is the . rl i

I Most Severe lightning. Fot example, lioldCen 181 States that ot free space.: IS thle Vertical Coordinate, anld ' [us the azimuthai
*tile I-MV' is a microsecond hurst of electromagnetic Cncre,N, a coordinate. The best available models for thle Current II thie re-

t:U nd red times, more powerful than a lightning bolt." As far as trn stroke phase of a cloud to-ground dischuar~e 1231 . [24j
,A ame aw are, thle claims that NEMP etfects almoist always ex- (see 1251 [ 201 for a genieral review of' lightning dischaige

Need those of' lightning are not quantitatively justified in thle phenomena) have model currents which, in the tume domain.
iiterature. On thle other hand, a recent letter to the Editor of produce electric and magnetic fields in good agreenment with
thre Il- F F SPIi CTR LAI [1Cite-, references to the lightning liter- wide-baird (dc to about 2 MHz) time-donrain ineasur cincint
Jrrure to support the view that lightning effects can he cquiva- made at ground level. For these models. ( I andIL (2) pro(vide .1
ICent to orT exceed those of' the NEMP. good approximation to the relation hetween thle inritial re iiim

Thle effects of NUMP fronm an exoatniospheric burst will be stroke radiation field and, tlie initial return stroke current!
cIet ost large Leo , raphical area, whereas the eftects of a Weidir and Kridet, [In) hive measured tile naimIIdXT::I A.::

mlirce ligfrirurre discharge are Inc.:!. Neverthreless, thle Ie- of-rise oif the Iinitial return sttoke rad31iatin eid:l s

ku icot dtr:t and nearb.% Strikes to sensitive earthrbound strokes and find I mneanr of abou! 10 V ;r11 riotuPN

structurtes like nuclear power plants, ito electric transmission an Inverse rangec telitin to a distanee of tou kin. lTi
and distribution svstemis. arnd to aircraft in flight is sufficiently value. whren Suibstituiited In ( I ). 'Al tli air assutred ret i rn Si r -N

tit ,h1 to warrant a careful assessnrent of thle lightning hazard. velocts of' 108 Ili s. leads to .u calculautedl rueari oltt;
llI-e we present frequietiCV-donrinII comparisons of' tile ee- rate-of-rise of the ret in ir st iu jrrent ); anooui I s ) 0%*\~

ianrd nmagiretic fields near urouird dire to model lightining value which is, rent eseirtaruve of the current just an 'Xe tii

-rnstrtqes with those of the NEINP froir air exiratifos- The nmaxtium values oit trra~unrtr rate-nt-rise ollfrieli :c.

thtuc st Thle applucahilito, of threse results for altitudes at rent froim Q' measured tirst sr tokeNs are abouit 2.5 tituesfic

Iw ich. tot esxample tireraft operate. is, piesently a Irratier of, inearl I )I
'!: Ulatwot dueo to thle paucity of- airborne mneasureireints, as Ltiwhtinem- returni stroke currentWJC111 wacirrN.il , t ie -
%- tk Ill U scuv, We "Isll showk that, in thle frequencok' rarrge froit rectl. nreaSUFred during inrkvs t,)ttuneuJIi

ikt 1to iei: 10 Ili,. tire calculated Fourier amplitude sprectra Switzedlnd 1271 it all 11] 28).J and IiSoh Aiiica -

91ICeII!I Ntroke Mragnietic fields near ground I m frotnt air iUnfortutrativ. cuirents to tall towers do not treCe'Ssi !

A~rasiritmc ' srike Asill exceed that oft thre NEiMP, andi that vice a eLod eSrLIir.ire 01 Oie :Lurretnli~ortr

te11,1l,: pneciri rae rico ound of severe nearni, first return earthbound sruIctureCsLr or t he: current rnl thle lcgtncin:,;

~sat so tri exceed that ot thle N EMP below about 1 0' ItZ tel above ground oeccause or Ltre effects of tilre ivc r 1,
i~. pdm t average near by first return strokes are greater upward-propagatitie leader ss hiclr is initiated h.\ the Is it

-S*t.Li' 5 othle extent that fields in the fre.- because of thle etf -eets of tile tirwer inductanice. capaci',Vl t.

artees InWhichr lightnirig Spectra exceed that of NI:MP anid relatjvivel large 1groii i ~ aieciitccii :i
e rsei ta ~uzrdb\. fI't examrple. exciting resonances in a mutie- S trat hr iotmai ercrhsCP

17_:1urc v. 111ch Courple damlaging voltages ani currerrts tr dlee- niade. Thle plrspLpauin:discharge, Ito, exiripie. c. Ci:

trmiiu it) tiii Irtetiot f that Structure 1101~ It II lightiing ef- cause a slrmwer overall :illrclll ruse timre at thle tsei 11fra
i h t, .inii ppaieytlv he as severe as thorse due to tire NFMP. Comrtparable strike to irritual CLolid and could concetvalrv.N

11. LIGHTNIN(G Iet or mtask thie fast currenvoi preni This efetshouldi be
Mrore pr0JotouncCl JT tl, it-.:I reiiiStrokes than1 to! subseq1 srct.:

R(-( (-Il-! . it has bee ieported that the electric and magnetic strokes, since thle Latter AIC tiio11iul 110t toi have hi1igurwa.:
it-.! pr djuced by all important lightning discharge processes propagaiig leaders. lBeriger, c al. 127 foiind that tile rrrediat,
i ntitm Sirwnifican .t variations on a submicrosecond time scale pea curn'71 dtrut toe hc lwrdneit

I12 -i The existence of these field components, in turn, charge io a torser Iii NSw itirlaird was .)0 kA andJ mti ric
Implies that thle currents which produce them contain large median niaxiunt r..-te-iit-risc o1: the -u!: nt was )1' kA\ k>.

nih iucroieccnd variations 11-31, [151, li), [ [I))) The few The correspoin i t ~ie ies it thre 5*nercctt level Aorc 0i
C.irect wkide-hand measurements of lightning currents during and 321 kA/),ja. For iredlive NtrI(kCS SitheqJuetit to 1,11L, 1

strr?,Cs to airplanes in flight show subrricrosecond rise times multiple-stroke flashes, tire mediaJ-. peak Current Ias I k.
tot urrent pulses in the 100-A range [201, 1211. These pulses and the median trraxinrunr rate-irt-rise was 40 kA las. Subse-
are probably associated with small cloud discharge processes. queni strokes at tire 5-perceirt level had a peak curretto' u -.)

Imian et al [221 have calculated the distant electric and kA and a maximum rate-of-rise (t 120 kXas, It is interestilngi
mragnetic radiation fields produced at ground level by a fixed to note that the subsequent stroke currents reported in 1 2-1
current waveshape propagating up a straight vertical channel have shorter overall rise times and larger maximum rates-of-

rise than first strokes. This result should be contrasted with

Efd(D, t) -- ~ if - D/c)a,. i ;i fJ/c (1) the electric radiation field measurcments made by Weidtman
2irD and Krider [13[, [16[, who report no significant differences,

in the maximum rates-of-rise of first atid subsequent stroke

I/r3 d(D. 0 1(1 -- D/c)ao, 0D~ (2) fields. The tower rirt which Berert l:u. 1271 made theni
2 TcI) measurements was oin top of Mt. San Salvatote in- Si ;u'e:I.:._
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TABLE IA TABLE II A
CURRENT PARAMETERS FOR AN AVERAGE IIRST RFTURN (URRFNT PARAMI-T-RS I OR AN AVfXAGI. SUBSI LINT
STROKE OBTAINED FROM REMOTE 'IEL) MEASUREMENTS RETURN STROK OBITAINI 1) FROM REMOTIE IILLD

IN ACCORDANCE WITH THE PROCEDURE OUTLINED IN Nit ASURI MENTS 1231. [241
1231. 1241 - - . . . .- -

Current at ground
Current at ground Tie ()us; kurry;n, ..A

Ttime (as) Current ikA) .
0 .0 0).( 0r; 3

1O0. 0 5.0 . ,

10'1.0 20.0 1.1 .,
ins. ! 35.0 1, . A .
107.0 18.n b t.5 ".

120." 27.0 12 .n 1.
l4oI.* 18.0'. .

6lheo.0 12.- 2 '0.
'

2nn'. 0 5.11 3.
300.0 0. 0

Riven by the following parameters

gt"n hv the tonl.owtkr para&mtetr
(1) Areakdown pu.lse curlet with velocity I V e. n

(1) breakdown pulse current with velocity I x I
e 
ms.

tv.) It

rit

.0..

k,.0 , , .

•The puls' de('ays cop, ct; il~11v Wlt! ,;e;',h a',,,. , t,

The pulse decays 1,i enttattu Ottn height 0,e g-
with a d'co V constant, - ".g v ,,

With a decay constant 2.0 x 1' M

I' nt torna cLrtent -t " ; 
'

(2) Inilvorra c.,ret . i kA

tt' i- irat i;,,. t& , n-, te-
Lti- duration- .1n urn-' tn

S. cor-,a cu te- 1 per sniL lerit' Is - . - ' e - _ ;
3 ) runc i c.r nt, t per unit lenpih v . .- ;. A0

.her,
where,

. a,, he 2.. A,

IABL I| B

TABLE I B ('URRI NT t'AR.x -IR WS I OR AN A\ I RAcE ,S 14'1
CURRENT PARAMETERS FOR AN AVERAGE I IRST RETURN RIFT:RN STROKI O)BI.\INtI) FROM tOW

STROKF OBTAINED FROM TOWER MEASUREMENTS 1271 Mt .ASRI-,MF NTS J271

Tie kus) Current tkA) to. ,rr,!.

6.5 14.6 ,.I .-

7.A 21 ..' i s

32." ,' .'0

.1 4. 0 4 "

ll).n "iS.02' -. ".

80.;' 21.;

251.0 ,, forms to a peak value of unity and then averaging ihc 1nCaJs-ured values at each time. It' this "mean %kavcshapc'" is scae

Lip in current to produce a iarge-amplitude swavcem ai wc

On the other hand, the tower used in the South African study shall do to model a severe lightning, the rate-of-rise necessarily
1291 was situated on a comparatively flat terrain. In [291, a scales also. On the other hand, the reported tower measure-
maxunum current rate-of-rise of 180 kA/lis was reported for a ments do not show a very strong correlation between the peak
subsequent stroke, although the total sample size was only 11 current and the rate-of-rise of current 1271, [301.
flashes. There is general agreement that the mean peak current dur-

Berger et al. [127 have computed "mean lightning current ing strikes to normal objects on the ground is in the 20-40-kA
waveshapes" for first and subsequent negative strokes. These range, and that peak currents of 175-, 25 kA are present in
were determined by first normaliziag all the measured wave- about I percent of the strikes [31 1.
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I calculate retirnr stroke ields lot comlparlson with the imagnetic-field Intensity at the surface Will be about
NI-MIP, we %ill use first and subsequent return stroke current
\vaveromis that arc interred from both the remote clectro- !11t -~ t 5
magnetic-field measurements and tile tower measurements. 2rr
Specification of currents for average first and subsequent
strokes is given in Tables I and 11. The peak current value for where I is the lightning current and where the total field has

an average first stroke is chosen to be 35 kA, and for an aver- been approximated as magnetostatic. Obviously, the field will
age subsequent stroke, IX kA. The currents derived from the be tile same at a distance r from the axis of any structure
electromagnetic-field measurements 1231, 1241, differ from much longer than r which uniformly carries the current, ind
the directly measured currents on Nit. San Salvatore 1271 pri- hence, the results to be obtained are generall, applicaole. I:
marov ii tile relatively slow rate-of-rise of first stroke current the aircraft is struck by an average first return stroke w,.
in tile tower measurements compared to that derived from the peak current of about 35 kA, the peak magnetic field 1: :1.
fields. Severe lightning currents are obtained by multiplying by surface with an assumed radius of I m will be about - ,
a facto: of "iivte both tile typical currents derived from electro- 103 Ait. A I 75-kA severe stroke will produce a peak :'iel,,
maignetic fields [23]. [24] and the "mean lightning current about 2.,i X l04 A/rn. It about half of the lightning field rises
w aves.hapes" troni to\,er ineasuremenrts 127] given in Tables I to peak in about 0.1 ps. as suggested ny the electronlagneti.-
,ind 1I. Althougi. the peak value of the currents determined field measurements of Weidman and Krider [131 o.], tier.
!his %as, are represenlative of measured severe lightnig [3 I], tile maximum late or change of tile magnetic field tron; ;:;
the rate-ot-Ise wke lise for severe I/litning, five tiries the aver- averaue first stroke will be about 2.,; X 10 0 Armrs and
ave value, tria% he excessive if the rate-of-chance of current a severe stroke wdl be about 1.4 X 101 1 A.rn.*s The pu.,
does not scale ,with tile current. As noted previously . io stron NE.MP field, 2.,1, > 102 A ni. can be obtained by muitips :n,
cortClar,,11 ior as been round hetween peak current and rate-of- (4) hy 1 (actor or 2. to lake account ot the reflection ,, l:_.
change of current in tile tower measurements [21], j30J. No NEMP plane wave tioin tile netallic ,urfacv. of thi i:_..-_
data hase oeni published ottl this o)rrelation for thle currents Thle ll\r'liflipid i l ate-or-cirairee mr NL-MI' :' I.-4'

derived trotim the fields, and. as noted previous\, tile largest N inTs arid exists ror a tite of tile OldCr ol a nanosceor_. I

value or tire "traxiurrurr rare-or-rise ofthe electric radiation field return stroke peak fields front normal ltehniric excee: ..

or Q- trst trokes k\as oild about .5 limes the ncai I to]. of tile NEMP b a factor of about 20. The NEMP raxir.-r.
rate-of-chance exceeds tiJa of inorntmal hhrii t i a iac:,,r

Ill. NEMP .ihotit 5 and is aboui equaJ to th1at or SCC.te ',.iilrrl

itc' ,.raracicrisrc, ,itO tile N F PI' are a tunctot ofkt wkrethet \k: no. exaros sQie how% lIt Iie-donai"i a; a ir ,c: ,

-i" uclea e\cIt I., ill or o ril of tile aitiosphere and tile dis. rh 'vc it for hlitoiieg and NIM \I' arc recIIIC.Ied it:, t: I
tariec trotti it. A thorough survev or tile trCCiailiSrS b which a11Il]I,1e spcCta tot tile t. ,Coes!1s :\oi;I ,t \2 ..

:;ic. \L.MP li cetielated. lh, detail, ol tre COupli of ite ot the hlelds oil the soTlac? oi ai, aircni t.' tile i ,..jtlc_ -

NII' to , variet\ of systets, arid the response ot those svs. rnln. held,, h, sese:. heli essenliali tie satmie at cnr:,ar.r1
ctll, Is rotlld Ill it'O volurnes of collected papers [I O . I I i. distance from an direct strike. For iihc ,:

SReasonable approximations to tile NEMP waveforn at tile stir- volvin,, currents derived froti electil, and maneic : "

tace tf tile earth or at aircraft altitude due to air exoatoros- both tte radiano and induction ;ield terini it; the '.
pheriC hutst have been i, Ien itn lee It II For tire present stid\ , theld eqoatisons have been included 23 14 .hi-ou,1, j.
wre choose the exoatiriospheric burst NIMP wkavetorm tIoia %kithi the currents .ien inl Tables IA arid IIA. o,,e,.1.
Lee I I I I \khich appears I be tie choice ot lost NIMP re- appro\ritlatlon to 1tC erni rc ,uih lI c.ici. r n ins ri, ' rr-
searlichts rents from tower iieasiiremtenrts, rile."rteiec e I, ,:j

Lited directly frotm ( 5).
L(tf.t-) I , I O (3 Figs. I and 2 sho\ rite Fourier anlp/lrude spectra 0,: e

IO.kr trtlle-dollain i atrlletlc fie lds proutced m\ cirrerrn, .\c:lv
, (t) ( 4) Tables I and II for both average and severe return strocKC ,.e-

S1Vrived from both lower and remote t icd nieasiuetient. T:ie
it/i L0  5.2 X 1 Vim. IJ0 = 1.4 X 10

2 A/r- -- 4.0 X current waveforms are composed of straight-line seunieirts b'-
1O, 1- . arid ,- x. > 101, s -I . tween the points given in Tables I arid I1 and are diili/.,;

IV. COMPARISONS O.OOS-as intervals for tile calculation ot the Fourier amnpiaIe

A1. Dire-a Sfrike andNEt IP spectra. The spectra inferred fron tire eiectronagnetI, -tCld
measurements are larger above 0s Hi than those derivei

To compare the fields from lightning direct strikes with from tile tower data for first strokes, due to the relatively
NEMP fields, we must choose an example object to be struck. slow first-stroke current rate-,rf-rise measured on towers, but
Let us consider the fields at the surface of a hypothetical the two spectra are similar for subsequent strokes. For aver-
cylindrical metallic aircraft fuselage of radius r. We choose the age return strokes, tile spectral amplitudes for the first and
aircraft as an example because of its considerable practical im- subsequent stroke fields determined from remote electromag-
portance. It a lghtning return stroke attaches directly to this netic measurements, and the subsequent-stroke measured
aircraft arid the current flows uniformly along the fuselage, the tower current, are equal to the NEMP at a frequene.i near
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return stroke currents at ground level may well still pr, ..,c
currents at aircraft operational altitudes to cause fields ci,:s -

0 _'r% ,..s9 FIRST alent to the NEMP at frequencies below about 107 lz.M,:c
<'ftrua,,svoE important is the observation that both the tn-cloud dtscna:3. c

* processes which precede stepped leaders in ground flashes jn1.
3 T . certain pulses in intracloud lightning discharges pro.:uLC

N - Fourier amplitude spectra measured near ground for dl',..,t

2 discharges comparable to those of distant return strokeN i -
implying that there are in-cloud events which OrOOucL- .:,,sc

FROM REMOTE 1 1LOMIASURNIIINTS

0 ROM 30.,,c T ToI.,.MASUREMENTS fields in the cloud equivalent to close return stroKe !leo'.C :.cj:
ground. These in-cloud processes can be expeztc,: i., -

___ ' with aircraft. An accurate assessment of the pto,,ht ,,,,
'01 craft involvement with different types and Pac! )' :,:,.

Fig. I Magnetic-field Fourier amplitude spectra for a direct strike by awaits further research. Finallk, it is wotth nitir insi:
an average and a severe first return stroke from both tower and re- NEMP wavefront is plane while the ightn;ic fI:,
mote tield measurements and for NEMP. The dips in the remote
field data at I x 107 and 2 X 107 Hz are due to the large linear cut and that hghtnng channel attachment to an air,.rat iij _.ic,
rent transition taking place inO01 wsduring the current rise to peak. the behavior of travelinig and reflected waves or the ...
Since real waveshapes do not have such linear transitions, the dips structure from the tree field NEMP case. anui hence tci:.
in the spectra are artificial. be additional factors in the comrianson %shich wc :...vc :1)4

.30, considered.

B. .Vearb s Lightning and .VI:M 1P

For the direct lightning strike, w.e have :omnaic :;.

netic field at an aircraft surtace with the NEMP. Y:,
flash, we will compare the electric fields. TIe
which would exist in the absence of the aircra;i %%L

spectra only for the severe first return ,,toke 4
In Fig. 3, we show the NEMP spectrum ,a

,Ao,,,,,i P',L,,,SUAIUI,'r the expression given in (3) along with three ,:,L::

., .___.o~o,.c,,o.,SUA!t,.s amplitude sectra for severe first retuiti Strk,1,c ,
strike the ground 50 m from the ,nlervation point. '.IC

0, '01 '01 '0 lightning amplitude spectra arc 1 ti,c ,,e~ a. irs: ,
FAEouENC,, electric radiation field spectrum tneasurej b% \,e: "

Fig. 2. Magnetic-lield Fourier amplitude spectra for a direct strike
by an average and a severe subsequent return stroke from both [17] for return strokes at about 50 ki cttnv'.: '

tower and remote field measrementsand for NEMP. The dips in the using an inverse distance reJationship and mullti i,.
remote field data at I x 107 and 2 x 107 Hz are due to the large tor of 5 to simulate a severe stroke, ') tile clctric :.,,.,:.,.:

linear current transition taking place in 0.1 Ms during the current
rise to peak. Since real waveshapes do not have such linear transi- field spectrum at 50 km calculated using the model ,,:.
tions, the dips in the spectra are artificial. et al. [241 with the currents ul Table IA multipiec: vy :j,-

tot of 5 and extrapolated to 50 m using an iners,\ cis t

10" Hz and exceed the NEMP at frequencies below that value, relationship; and 3) the total electric-field spectruin at .O in
For above-average return strokes, the lightning spectra exceed calculated using the model [24] with the cu.rcnts in Time
the NEMP spectra to frequencies above 107 Hz. IA multiplied by a factor of 5.

The preceding comparisons between lightning and NEMP The calculated and the measured radiation ficic cct: ,c
fields are, strictly speaking, applicable only near ground. We 5) km extrapolated to 50 m are essentially idemicai. Tic .iip-
use the example of an aircraft because of its practical impor- litude spectrum computed for the total electric hic... , I
tance, and, for that reason, a discussion of the fields above I 75-kA lightning at 50 m is equal to the extrapolated rt:, ... t

ground is in order. An aircraft in flight would probably not field near 107 Hz and is greater for lower frequencies ec,:uc
encounter the full return stroke current which would flow the electrastatic and induction components of the tora, fticl
through a structure on the ground since the return stroke cur- add to the radiation component. The spectrum ()f the total
rent will probably decrease with height [24]. In fact, Clifford electric field exceeds that of the NEMP below about 10' Hz.
and Kasemir [32] argue that most strikes to aircraft are not For an average nearby first return stroke, the total electrical
return strokes but are triggered by the aircraft and are some field spectrum exceeds that of the NEMP below about 3 X
sort of in-cloud discharge with a rate-of-change of current an 10' Hz.
order of magnitude less than that of the average return strokes The nearby discharge has been assumed to be at a distance
we are considering. Clifford and Kasemir [321 contend that of 50 m because this is about the range at which an earth-
aircraft are orgy occasionally involved with return strokes, al- bound structure or an aircraft in flight would be expecte- to
though the total data from instrumented aircraft, on which become involved in a typical direct strike. The closest distance
this opinion is based, are meager. In any event, relatively large at which the lightning return stroke fails to attach to a gr, ,
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- are applicable to any similar size ground-based system and, to

the extent discussed, to aircraft at flight altitudes.
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